1. Introduction {#sec1}
===============

Vitamin A plays important physiological roles in regulation of animal health, including the modulation of visual, reproductive, immune functions, and the growth and development of bone and tissue ([@bib2]). As animals cannot synthesize vitamin A, its dietary supplementation is required to meet daily demands ([@bib7]). However, plants contain only β-carotene (a precursor of vitamin A); natural vitamin A exists only in animal tissues ([@bib21]). Moreover, vitamin A extracted from plants or animal tissues are costly and difficult to procure in large quantity. Thus, vitamin A added in food or feed is primarily produced by commercial industrial synthesis ([@bib11]). Indeed, the global demand of vitamin A reached approximately 24,700 t per year, and 85% of which was used in the feed industry ([@bib10]).

Vitamin A degrades easily due to its sensitivity to heat, light, moisture, and oxygen ([@bib6]). Thus, it must be protected by microencapsulation when added to the diet ([@bib8]). Currently, vitamin A used for dietary purposes is mainly encapsulated by using gelatin ([@bib5]), which is produced from animal bones, skin, and tendons. These animal sources are associated with the shortcomings of source instability, poor security, high cost, and excessive amounts of cadmium and other heavy metals ([@bib17]). In recent years, a new form of encapsulated vitamin A via using starch has been developed, which shows better security and lower cost ([@bib13]). However, there is no comparative data on the efficacy of different types of encapsulated vitamin A.

Herein, in this study, we compared the efficacy of these types of encapsulated vitamin A on growth performance, immune status and antioxidant capacity in weaned piglets.

2. Materials and methods {#sec2}
========================

The experimental procedure was approved by the Institutional Animal Care and Use Committee at Zhejiang University (Hangzhou, China).

Gelatin and starch encapsulated vitamin A were provided by Zhejiang NHU Co., Ltd (Xinchang, China). Vitamin A content of each formulation was 1.0 × 10^6^ IU/g.

2.1. Animals, treatments, and housing {#sec2.1}
-------------------------------------

A total of 96 healthy Yorkshire × Landrace × Duroc weaned piglets (30-d-old) with an initial average body weight (9.11 ± 0.03 kg) were randomly allotted to 3 treatments with 4 replications of 8 piglets each pen (half male and half female). Piglets in the 3 dietary treatments were fed control diet (basal diet without addition of vitamin A), gelatin vitamin A diet (basal diet + 13,500 IU/kg gelatin encapsulated vitamin A), starch vitamin A diet (basal diet + 13,500 IU/kg starch encapsulated vitamin A), respectively. The whole trial period lasted for 42 d and was divided into 2 periods, d 0 to 21 and d 22 to 42. The basal diet was formulated to meet the ([@bib24]) nutrient requirements. Composition and nutrient levels of the basal diet are presented in [Table 1](#tbl1){ref-type="table"}. Piglets were reared in identical environments and allowed ad libitum access to feed and water. The average room temperature and relative humidity were maintained at 24 to 26 °C and 60% to 70%, respectively.Table 1Composition and nutrient levels of the basal diet (air-dry basis, %).Table 1IngredientsContentNutrient levelsContentCorn26.70Metabolizable energy, MJ/kg13.72Expanded corn15.00Crude protein20.00Wheat flour20.00Calcium0.83Fermented soybean meal8.00Total phosphorus0.55Dehulled soybean meal7.60Lysine1.20Extruded soybean7.00Threonine0.87Fish meal1.50Vitamin A, IU/kg667Soy oil2.00Dried porcine solubles2.50Powdered milk2.00Sucrose1.50Monocalcium phosphate1.10Limestone1.10Premix[1](#tbl1fn1){ref-type="table-fn"}4.00[^1]

2.2. Growth performance {#sec2.2}
-----------------------

Individual body weight of pigs was recorded at d 0 and 42 of the experimental period, and weighing was carried out after fasting. Feed consumption was recorded every 3 d. At the end of the experiment, average daily feed intake (ADFI), average daily gain (ADG), and the ratio of feed to gain (F:G ratio) were calculated based on these values.

2.3. Sample preparation and analysis {#sec2.3}
------------------------------------

On d 21 and 42 of the experiment, 2 pigs (close to the average body weight) per pen were randomly selected from each group and venous blood was obtained by anterior vena cava puncture using 5-mL dipotassium ethylenediaminetetraacetic acid (EDTAK~2~) tubes. Serum was obtained by centrifugation at 1,500 × *g* for 30 min, and samples were stored at −20 °C until analysis.

Serum retinol content was quantitatively analyzed using a Waters Alliance 2695 HPLC system equipped with a 2,998 PDA detector ([@bib22]). The sample was loaded on a C18 column (250 mm × 4.6 mm, 2.5 μm, Waters, USA) and eluted with 100% methanol at 1.0 mL/min flow rate. The detection wavelength was 325 nm. The vitamin A standard (Retinol-synthetic, R7632) was purchased from Sigma (USA).

Serum immunoglobulins (IgG, IgM, and IgA) were determined using commercial enzyme linked immunosorbent assay (ELISA) kits (Elabscience, Wuhan, China). Total antioxidant capacity (T-AOC), and lysozyme, glutathione peroxidase (GSH-Px), and superoxide dismutase (SOD) activities were measured via colorimetric methods using a Microplate Reader (SpectraMax M5, Molecular Devices, USA). Assay kits for these tests were purchased from Nanjing Jian Cheng Bioengineering Institute (China).

2.4. Statistical analysis {#sec2.4}
-------------------------

Data were analyzed by one-way ANOVA of SPSS 16.0 (IBM-SPSS Inc., Chicago, USA) and compared using Tukey post-hoc test. *P* \< 0.05 was considered to be statistically significant.

3. Results {#sec3}
==========

3.1. Growth performance {#sec3.1}
-----------------------

Piglets fed starch vitamin A diet showed significantly higher final weight and ADG (*P* \< 0.05), as well as a slightly reduced F:G ratio (*P* \> 0.05) compared to control and gelatin vitamin A groups throughout the experimental period ([Table 2](#tbl2){ref-type="table"}). However, vitamin A supplementation had no effect on ADFI.Table 2Effects of vitamin A on growth performance of piglets.[1](#tbl2fn1){ref-type="table-fn"}Table 2ItemControlGelatin vitamin AStarch vitamin ASEM*P*-valueInitial weight, kg9.109.129.110.030.983Final weight, kg33.04^b^32.92^b^34.38^a^0.290.034ADFI, g/d9038939148.020.627ADG, g/d570^b^566^b^602^a^6.730.030F:G ratio1.581.581.520.020.199[^2][^3][^4]

3.2. Serum retinol content {#sec3.2}
--------------------------

There was no significant difference in serum retinol content among the treatments on d 21 ([Table 3](#tbl3){ref-type="table"}). However, adding gelatin and starch vitamin A significantly increased serum retinol content by 43.10% and 60.95% when compared with the control group on d 42 (*P \<* 0.05). Furthermore, pigs fed starch vitamin A diet tended to have a higher (15.76% in d 21 and 12.48% in d 42, *P* \> 0.05) serum retinol content compared to gelatin vitamin A diet during the overall period.Table 3Effects of vitamin A on serum retinol concentrations in piglets (μg/L).[1](#tbl3fn1){ref-type="table-fn"}Table 3ItemControlGelatin vitamin AStarch vitamin ASEM*P*-valueDay 2167.9364.1474.252.070.125Day 4246.20^b^66.11^a^74.36^a^3.570.001[^5][^6][^7]

3.3. Immunoglobulin and lysozyme {#sec3.3}
--------------------------------

As shown in [Table 4](#tbl4){ref-type="table"}, on d 21, serum IgM level in vitamin A treatments was significantly higher than that in the control group (*P* \< 0.05). Gelatin vitamin A supplementation significantly improved IgA level compared with the control group only (*P* \< 0.05). On d 42, starch vitamin A supplementation significantly improved serum IgA level compared with the control group (*P* \< 0.05). However, no significant difference in IgG level and lysozyme activity was observed among treatments during the overall period.Table 4Effects of vitamin A on serum immunoglobulins in piglets.[1](#tbl4fn1){ref-type="table-fn"}Table 4ItemControlGelatin vitamin AStarch vitamin ASEM*P*-valueDay 21 IgA, mg/L35.36^b^70.32^a^48.61^b^5.690.015 IgG, g/L0.931.031.080.050.451 IgM, mg/L88.33^b^138.35^a^133.56^a^9.930.035 Lysozyme, U/mL32.5138.9538.552.940.687Day 42 IgA, mg/L35.72^b^57.35^ab^81.51^a^8.110.037 IgG, g/L0.901.071.040.040.111 IgM, mg/L79.2191.71106.566.920.284 Lysozyme, U/mL43.9254.8944.693.300.398[^8][^9][^10]

3.4. Antioxidant properties {#sec3.4}
---------------------------

Dietary vitamin A supplementation had no significant effects on serum T-AOC and SOD on d 21 and 42 ([Table 5](#tbl5){ref-type="table"}). Whereas, serum GSH-Px activity was significantly increased by starch vitamin A diet on d 21 and gelatin vitamin A diet on d 42 (*P* \< 0.05). There was no significant difference between starch and gelatin vitamin A on oxidation function in piglets.Table 5Effects of vitamin A on serum antioxidant function in piglets (U/mL).[1](#tbl5fn1){ref-type="table-fn"}Table 5ItemControlGelatin vitamin AStarch vitamin ASEM*P*-valueDay 21 T-AOC1.021.281.720.180.376 SOD73.4770.3573.481.750.476 GSH-Px630.00^b^663.52^ab^700.69^a^11.050.024Day 42 T-AOC1.301.191.610.120.334 SOD75.9272.3175.641.190.469 GSH-Px789.51^b^871.55^a^828.25^ab^13.400.012[^11][^12][^13]

4. Discussion {#sec4}
=============

Vitamin A is an essential nutrient for growth and reproduction. Previous studies have demonstrated that adding vitamin A to animal feed significantly improves ADG in weaned piglets and significantly decreases F:G ratio in growing-finishing pigs ([@bib19]). In the present study, on d 30 of the experiment, a part of piglets in the control group showed typical symptoms of vitamin A deficiency, including significant neurological symptoms, head and neck skewing, and difficulty in walking. These symptoms indicated that natural vitamin A provided by the feedstuff is far below the requirements.

When used as additive, vitamin A is encapsulated to prevent oxidation. Suitable coating materials ensure the stability of vitamin A and improve absorption and utilization. Gelatin is generally used as a coating material, but in recent years, increasing attention has been paid to difficulties associated with procuring and using gelatin materials, including contamination with excessive heavy metals and unstable supply levels ([@bib23]). In this study, a novel starch encapsulated vitamin A with improved security was used. Piglets receiving starch vitamin A had a significantly higher ADG than that receiving gelatin vitamin A. However, further stability tests and simulated gastrointestinal digestion trials in vitro are needed to explore these possibilities.

Serum retinol content was used as an index to monitor the nutritional status of vitamin A ([@bib14]). On d 21, we found no significant effect of vitamin A addition on the serum retinol content. This may due to the storage of parent-derived vitamin A in the liver by piglets during the lactation period ([@bib15]). When a deficiency occurs, vitamin A stored in the liver is released to the blood to meet physiological needs. Despite differences among the control and experimental groups in the levels of vitamin A consumed, serum retinol content was maintained at stable levels (approximately 65 μg/L), similar to that observed in previous studies ([@bib1]). However, at the end of the experiment, adding vitamin A to the diet significantly increased serum retinol content, indicating that vitamin A stored in the liver was gradually depleted in the control group. Over time, this would gradually affect the physiological function of the piglets in the control group. In contrast, the serum retinol contents in the experimental groups were relatively stable during the entire experimental period.

Lipid peroxidation occurs when oxygen free radicals react with cell membrane lipids, causing changes in membrane permeability and fluidity. This leads to metabolic disorders and immune dysfunction and ultimately causes serious injury to the animal nervous system or organs ([@bib18]). The diene conjugate key in vitamin A molecules acts as an effective quencher and scavenger of lipid peroxidation free radicals, hydroxyl radicals, and other free radicals ([@bib14]). Total antioxidant capacity reflects the body\'s antioxidant defense system, including enzymatic and non-enzymatic systems. Our study showed that starch vitamin A slightly improved T-AOC in piglets during the whole experimental period. The enzymatic antioxidant system comprises SOD, GSH-Px, catalase, and other enzymes ([@bib9]). Indeed, in the current study, GSH-Px activity was significantly improved by adding gelatin or starch vitamin A. GSH-Px is a kind of peroxide decomposition enzyme with a selenocysteine active center. Previous studies have revealed that vitamin A has interactions with zinc, iron, and copper, which indicated that vitamin A may improve GSH-Px activity through interactions with selenium ([@bib16]).

Vitamin A can alter the body\'s immune response. Vitamin A has effects on cell-mediated immunity by influencing the T helper cells (Thl and Th2) differentiation via retinoic acid receptor signaling ([@bib4]). Likewise, vitamin A can affect animal humoral immunity, which can lead to increased antibody generation ([@bib20]). Here we found that adding vitamin A to the diet significantly increased serum IgA and IgM levels, which is consistent with the results of the previous studies ([@bib12]). Lysozyme, a hydrolytic enzyme specially made for microbial cell wall, which belongs to the non-specific immune system, has a bacteriolysis activity, can enhance immunity and accelerate tissue recovery functions ([@bib3]). In our study, throughout the whole experimental period, there was no significant difference in lysozyme content between control group and experimental groups.

5. Conclusion {#sec5}
=============

In conclusion, both gelatin and starch vitamin A can improve oxidation resistance and immune function in piglets. No significant difference was found between the 2 groups with regard to the physiological functions. However, in terms of the growth performance, piglets consuming starch vitamin A showed significantly higher final body weight and ADG than those in piglets consuming gelatin vitamin A. Our experimental results provide a strong rationale basis for the utilization of starch encapsulated vitamin A.
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[^1]: Premix provided the following per kilogram diet: vitamin D~3,~ 3,000 IU; vitamin E, 100 mg; vitamin K~3,~ 3 mg; vitamin B~1,~ 3 mg; vitamin B~2,~ 8 mg; vitamin B~6,~ 5 mg; vitamin B~12,~ 40 μg; biotin, 300 μg; folic acid, 2 mg; niacin, 45 mg; pantothenic acid, 20 mg; choline, 450 mg; vitamin C, 160 mg; Fe (ferrous sulfate), 150 mg; Cu (copper sulfate), 120 mg; Mn (manganese sulfate), 45 mg; Zn (zinc sulfate), 150 mg; I (calcium iodate), 0.3 mg; Co (cobalt nitrate), 0.3 mg; Se (sodium selenite), 0.3 mg.

[^2]: SEM = standard error of the mean (*n* = 4, number of replicates); ADFI = average daily feed intake; ADG = average daily gain; F:G ratio = ratio of feed to gain.

[^3]: ^a,b^ Different superscripts within a row indicate significant differences (*P* \< 0.05).

[^4]: Control, basal diet without addition of vitamin A; Gelatin vitamin A, basal diet +13,500 IU/kg gelatin encapsulated vitamin A; Starch vitamin A, basal diet +13,500 IU/kg starch encapsulated vitamin A.

[^5]: SEM = standard error of the mean (*n* = 8, number of replicates).

[^6]: ^a,b^ Different superscripts within a row indicate significant differences (*P* \< 0.05).

[^7]: Control, basal diet without addition of vitamin A; Gelatin vitamin A, basal diet +13,500 IU/kg gelatin encapsulated vitamin A; Starch vitamin A, basal diet +13,500 IU/kg starch encapsulated vitamin A.

[^8]: SEM = standard error of the mean (*n* = 8, number of replicates); IgA = immunoglobulin A; IgG = immunoglobulin G; IgM = immunoglobulin M.

[^9]: ^a,b^ Different superscripts within a row indicate significant differences (*P* \< 0.05).

[^10]: Control, basal diet without addition of vitamin A; Gelatin vitamin A, basal diet +13,500 IU/kg gelatin encapsulated vitamin A; Starch vitamin A, basal diet +13,500 IU/kg starch encapsulated vitamin A.

[^11]: SEM = standard error of the mean (*n* = 8, number of replicates); T-AOC = total antioxidant capacity; SOD = superoxide dismutase; GSH-Px = glutathione peroxidase.

[^12]: ^a,b^ Different superscripts within a row indicate significant differences (*P* \< 0.05).

[^13]: Control, basal diet without addition of vitamin A; Gelatin vitamin A, basal diet +13,500 IU/kg gelatin encapsulated vitamin A; Starch vitamin A, basal diet +13,500 IU/kg starch encapsulated vitamin A.
